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Exo-endocytotic turnover of synaptic vesicles (SVs) at synapses
between hippocampal neurons in culture was examined by elec-
tron microscopy (EM). We carried out photoconversion (PC) of the
fluorescent endocytotic marker FM 1-43 by using 3,3’-diaminoben-
zidine to convert the dye signal into an electron-dense product.
Electron-dense products were located almost exclusively in SVs,
whose densities were bimodally distributed in two sharply demar-
cated populations, PC-positive (PC+) and PC-negative (PC—). The
median densities of these populations did not vary with the
proportion of vesicles stained within a presynaptic terminal (bou-
ton). The proportion of PC+ SVs remained constant across consec-
utive thin sections of single boutons, but varied greatly from one
bouton to another, indicating marked heterogeneity in exo-endo-
cytotic activity. Our experiments indicated that only a minority of
SVs were stained in most boutons after stimuli known to cause
complete turnover of the functional vesicular pool. A direct spatial
correlation was found between FM 1-43 fluorescent spots seen
with light microscopy and PC+ boutons by EM. The correlation was
clearer in isolated boutons than in clusters of boutons. Photocon-
version in combination with FM dyes allows clarification of impor-
tant aspects of vesicular traffic in central nervous system nerve
terminals.

ynaptic vesicle (SV) turnover in presynaptic terminals of

central nervous system (CNS) neurons is critical for infor-
mation transfer within the brain. Continued progress in under-
standing exocytosis and endocytosis at the level of single vesicles
depends critically on physiological studies using light microscopy
and ultrastructural analysis using electron microscopy (EM). FM
1-43 and structurally related styryl dyes offer a way to tie such
approaches together. These molecules undergo a large increase
in quantum yield when taken up into membranes. Activity-
dependent sequestration of the dyes in presynaptic vesicles and
release on subsequent exocytosis have been monitored as in-
creases and decreases in nerve terminal fluorescence (1-4). Key
properties of FM 1-43 as a fluorescent probe were demonstrated
by Betz and colleagues (1, 5), working at the frog neuromuscular
junction (NMJ), the same preparation used by Heuser and Reese
(6) in their pioneering studies of vesicle turnover. Betz and
colleagues went on to perform photoconversion of FM 1-43 and
FM 2-10 by using photolysis of the dyes in the presence of
3,3’-diaminobenzidine (DAB) to cause an electron-dense reac-
tion product in synaptic vesicles (7, 8). At CNS synapses, like the
NMJ, FM 1-43 has been widely used as an optical marker for
studies of vesicle dynamics by the light microscope (2, 9, 10).
Photoconversion of FM 1-43 has also provided valuable infor-
mation about the number of vesicles in the readily releasable
pool (11).

This paper describes our efforts to use FM 1-43 photocon-
version to strengthen links between light microscopic and EM
approaches to vesicular properties. Working with rat hippocam-
pal neurons in culture, we modified existing experimental pro-
cedures to improve ultrastructural preservation while minimiz-
ing photoconversion because of background fluorescence.
Electron-dense products were essentially confined to the lumen
of synaptic vesicles, and large differences in staining intensity of
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photoconverted and nonphotoconverted vesicles allowed us to
unambiguously identify vesicles that had taken up dye. Terminals
containing photoconverted vesicles corresponded closely to FM
1-43 fluorescent spots visualized under the light microscope.
After stimulation known to cause the functional vesicular pool
to turn over completely, only a minority of vesicles were stained.

Materials and Methods

Preparation of Cultured Neurons. Hippocampal neurons in culture
were prepared from 1- to 4-day-old Sprague—Dawley rats as
described (4), and used between 14 and 43 days in vitro (div).

Staining with FM Dyes. Neurons were loaded with 15 uM FM 1-43
by either field stimulation or high K™ application. With field
stimulation, neurons were exposed to FM 1-43 during and up to
60 s after stimulation with silver chloride electrodes (2-120 s, 10
or 20 Hz; see figure legends for details). After loading, neurons
were washed with low Ca?* solution for 5-10 min. With high K*
application, neurons were exposed to 70 mM K* solution for 90 s
in the presence of FM 1-43, washed in low Ca?* solution for
10-15 min, challenged with 70 mM K™ solution without FM 1-43
for 120 s (destaining), restained with FM 1-43 by using the
same condition, and washed again with low Ca?* solution for
10-15 min.

Photoconversion. After FM staining, neurons were fixed with 2%
glutaraldehyde in 100 mM sodium phosphate buffer (PB) for 20
min, and washed with 100 mM glycine (in PB) for 1 h. They were
washed further in 100 mM ammonium chloride (in distilled
water) for 5 min. After brief rinsing in PB, neurons were
incubated in DAB (1 mg/ml in PB) for 10-20 min. Fluorescence
excitation light was then continuously applied for 10-20 min in
DAB solution. Neurons were washed in ice-cold PB, and pro-
cessed for EM. Only nonsomatic regions were selected for
analysis. This procedure differs from published protocols (7, 11)
in that it uses glutaraldehyde as the main fixative to optimize
preservation of ultrastructure under the harsh conditions of
photoconversion, as well as subsequent washing with glycine and
ammonium chloride to reduce the autofluorescence of glutar-
aldehyde and unwanted background photoconversion. Our pro-
tocol® has been adopted in modified form in other studies
(8, 12, 13).

Imaging. Imaging was accomplished by either of the following
two methods.

Confocal microscopy. Fluorescence images were acquired by
averaging four frames obtained at a spatial sampling of 160 nm

Abbreviations: EM, electron microscopy; PC+, photoconversion-positive; PC—, photocon-
version-negative; SV, synaptic vesicle; div, days in vitro; CNS, central nervous system; DAB,
3,3'-diaminobenzidine; ROI, region of interest.
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Photoconversion of FM 1-43 in cultured hippocampal neurons. (A) Phase-contrast image. Region shown by a yellow rectangle was repeatedly imaged

in B-E. 0, Acellular background (see F and G). (B) Fluorescence image after exposure to 15 uM FM 1-43 in 70 mM K™ solution for 90 s, followed by washout.
Arrowheads, four puncta further analyzed in F and G (not marked). s, An FM 1-43-negative dendrite (cellular background; see F and G). (C—E) Time course of
photoconversion in DAB solution. Elapsed time is shown after start of continuous fluorescence excitation. (F) Absolute bright-field density plotted against time
for the 6 ROIs. Upper four lines correspond to ROIs with FM 1-43 fluorescence (arrowheads in B). (G) Data in F transformed into absorbance by using Beer’s law
(see Materials and Methods). For EM studies, photoconversion reactions were ended within the interval between the broken lines. (Inset) Slopes of change in
absorbance. (H) Representative image of a photoconverted bouton, previously subjected to field stimulation (20 Hz for 60 s). Dye exposure during stimulation
and an additional 60 s of rest. Arrow points to a PC+ structure that was docked at the active zone. Neurons in A-G and H were 16 and 21 div, respectively.

per pixel and a dwell time of 2 us per pixel through an Olympus
40X 1.3 numerical aperture objective by using a modified
Bio-Rad MRC 500 confocal laser scanning unit coupled to a
Zeiss IM-35 inverted microscope. The optical section thickness
was ~0.5 um. Fluorescence images were acquired by using a total
power of ~15 uW of 488-nm light (measured at the back
aperture) slightly overfilling the aperture. Photoconversion was
accomplished with ~150 uW of power with higher spatial
sampling during the scan (40 nm per pixel).

Wide-field. Images were acquired by using a video camera
(SIT-66X, DAGE-MTI, Michigan City, IN) mounted on an
inverted phase-contrast microscope (Diaphot 200, Nikon, To-
kyo) equipped with epifluorescence system (100-W mercury
bulb) and a Nikon 40X air objective (numerical aperture, 0.75).
Eight-bit images were acquired through an image-acquisition
board (IMAQ PCI-1408, National Instruments, Austin, TX). A
standard fluorescein filter set was used (47°/40-nm exciter,
500-nm dichroic and 515-nm long-pass filter). Bright-field im-
ages were monitored every 10 s by averaging 10 frames. Shutter
control, image acquisition, and analysis were done by using a
program written by N.H. in LABVIEW (National Instruments).

Bright-field images were expressed in an 8-bit gray scale
(white-255, black-0; Fig. 1F). Change in absorbance of photo-
conversion products (A4) was calculated by using Beer’s law with
modification.

Pin Pin Pout—O
AAzlogPt t—logPl 0=log7Pt )
out — out — out —

where Pj, is power incident on the sample and Py, is power
leaving the sample at time #. Poy.o represents baseline power
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leaving the sample. We assumed constant shape of boutons and
no interference among reaction products (14). To reduce effects
of stray light (partition error), region of interest (ROI) was made
small (3 X 3 to 4 X 4 pixels, 0.6 X 0.6 to 0.8 X 0.8 pm?) in
comparison to bouton size.

EM. After photoconversion, neurons were processed for EM by
using a Pelco 3450 microwave oven (Ted Pella, Redding, CA).
Neurons were washed with 100 mM cacodylate buffer containing
150 mM sucrose for 5 min, postfixed with 1% osmium tetroxide
in 100 mM cacodylate buffer containing 0.8% potassium ferri-
cyanide (15) for 5 min on ice, and then given a 10-s pulse in the
microwave. Neurons were then washed in distilled water for 5
min, stained en bloc with 2% aqueous uranyl acetate for 20 min,
and given another 10-s pulse in the microwave. They were
dehydrated in an ascending ethanol series (50%, 70%, 95%,
100% three times) in the microwave for 10 s each. Neurons were
infiltrated in microwave in 1:2, 1:1, 2:1 (100% resin/100%
ethanol) for 5 min each, and in 100% resin for 5 min by using
EMbed 812 resin (Electron Microscopy Sciences, Fort Wash-
ington, PA). After overnight polymerization at 60°C, glass
coverslips were removed by using hydrofluoric acid (16). Thin
sections (50-70 nm) were cut parallel to the coverslip surface, in
serial fashion, and mounted on Formvar-coated slot grids. Grids
were poststained with 2% aqueous uranyl acetate and Sato’s lead
citrate (17) and examined on Philips 410, CM12, or JEOL
200CXII at 60-kV accelerating voltage.

Electron micrographs were digitally scanned with an 8-bit
scale (white-0, black-255). For density analyses, brightness was
adjusted by using PHOTOSHOP (Adobe Systems, San Jose, CA),
such that intensities for cytoplasmic membrane and cytoplasm
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Fig.2. Density profiles of SVs. (A) Overlay of line density profiles from 8 small

clear SVs classified as PC—. No photoconversion was performed. (B) Overlay of
line density profiles from 14 small structures classified as PC+. Centers of the
lumen (A) and peaks of positive structures (B) were arbitrarily aligned at 40 nm
on distance scale. (C) Histogram of luminal density for PC— (open bars) and
PC+ SVs (filled bars) from a single photoconverted bouton (Upper) and a
negative control (illuminated without prior exposure to FM 1-43, Lower, open
bars). (D) Cumulative histograms of luminal density from 5 boutons. Dotted
line represents the data from C. Continuous lines represent other boutons
taken from the same electron micrograph. (E) Difference in median densities
of PC— and PC+ SVs (A median density) plotted against proportion of PC+ SVs
(%PC+ SVs). Data were obtained from specimens with field stimulation (FS, ®)
or with high K* stimulation (O). Linear regression line was drawn for all
boutons (r = —0.54, P > 0.1, n = 8). (F) Distributions of SV diameters.

had similar median values (100-140 and 50-80). Luminal den-
sity (Fig. 2) was measured by averaging density over 3-5 pixels
(2.8—-4.7nm) at the SV center. SV diameter was measured as the
diameter of a circle fitted to the outer rim of SV membrane.

Solutions. Tyrode solution contained 124 mM NacCl, 5 mM KCl,
2 mM CaCl,, 1 mM MgCl,, 30 mM glucose, and 25 mM Hepes
(pH, 7.4). Low Ca?" solution was prepared with the following
modification: 0.2 mM CaCl,, 5 mM MgCl,, 0.001 mM tetrodo-
toxin. High K* solution (70 mM) was prepared by replacing 65
mM NacCl in Tyrode solution with equimolar KCI. Kynurenic
acid (1 mM) or 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX,
10 uM) and DL-2-amino-5-phosphonovaleric acid (AP5, 100
uM) were added to solutions.

Chemicals. Other than FM 1-43 (Molecular Probes) and glutar-
aldehyde (Polysciences, Warrington, PA), chemicals were pur-
chased from Sigma.

Results

Time Course of Photoconversion. Fig. 1 illustrates the time course
of photoconversion in cultured hippocampal neurons. A rect-
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angular region containing a dendrite (Fig. 14) is shown with FM
1-43 imaging in Fig. 1B. A bright-field image of the same
dendrite did not show any dark regions (Fig. 1C). As neurons
were progressively exposed to fluorescent light, FM 1-43 fluo-
rescent puncta gradually faded (data not shown) and became
darker as DAB reaction product formed (Fig. 1D). These
boutons became intensely dark as photoconversion proceeded
for 15 min (Fig. 1E). Cellular background devoid of FM 1-43
puncta showed only slight photoconversion (Figs. 1 B-E, #:#).

For quantitative analyses, we measured bright-field density in
multiple ROIs (Fig. 1F). Density remained unchanged during
the first 5 min, but after this latent period, all regions with FM
1-43 fluorescence (Fig. 1B, arrowheads) darkened. The latent
period varied between 5-10 min in other neurons. We used
Beer’s law to determine changes in absorbance (Fig. 1G). The
absorbance in ROIs at fluorescent puncta increased to a much
greater degree than at nonfluorescent cellular (+*, Fig. 1 B, F,
and G) or acellular regions (*, Fig. 14, F, and G), although these
eventually darkened as well. Typically, the rate of change of
absorbance leveled off at a maximal slope (Fig. 1G Inset).

Further analysis was carried out to determine the relationship
between initial FM 1-43 fluorescence and overall change in
absorbance, for both fluorescent puncta and background re-
gions. The correlation coefficients ranged between 0.55 and 0.93
with a mean of 0.78 = 0.07 (»n = 6, all with P < 0.01),
demonstrating the consistency of photoconversion reaction. It
was consistently found that fluorescence mapped to photocon-
verted boutons. However, some of the photoconversion product
did not correspond to fluorescence at the light microscopic level,
and was ascribed to mitochondrial darkening that was not related
to vesicular recycling.

In this example, neurites became morphologically distorted
beyond 15 min of illumination. At the EM level, boutons were
so electron dense that ultrastructural detail was obscured (data
not shown). In most experiments, we stopped the illumination
when an identifiable reaction product appeared at FM 1-43
puncta (window between broken lines, Fig. 1G) but before there
was appreciable photoconversion in cellular background.

A representative electron micrograph is shown in Fig. 1H. An
isolated bouton contained numerous small clear SVs and made
a synapse with a dendritic spine. Distributed among the SVs were
small dark structures, some of which were docked at a single
active zone (arrow). Because the dark structures were not found
in negative controls (photoconverted in the absence of FM 1-43),
we conclude that they represent SVs that were positively stained
by photoconversion.

Analysis of Density Profiles of Single Vesicles. We first gained
quantitative information on single SVs by analyzing density
profiles along a line (Fig. 2). In control experiments without
illumination, the majority of identifiable structures were small
clear SV. The density profile was characterized by a valley
flanked by two peaks, corresponding to vesicular lumen and
membrane (Fig. 24). Similar analyses were performed in pho-
toconverted boutons. A small PC+ structure showed a central
peak whose density was far greater than that seen at any point
along the profile of nonilluminated SVs (Fig. 2B). The majority
of positive structures were identified as SVs. First, small PC+
structures were often the most numerous organelles in presyn-
aptic terminals (Figs. 1H and 4 E-G), as were SVs in negative
control. Second, PC+ structures were similar in size to SVs in
negative controls (see below). Third, other organelles, such as
mitochondria, large dense-core vesicles, and endosomes, were
found at a frequency of <3 per section, not numerous enough to
account for the PC+ profiles.

Unequivocal Distinctions Between PC— and PC+ Vesicles. A basic
question is how clear a distinction can be made between SVs that
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have undergone photoconversion and those that have not.
Accordingly, we carried out an analysis of line density profiles of
all of the vesicles in a section from a large bouton (n = 139). The
number of distinct peaks was used to classify SVs as PC— (two
peaks, Fig. 24) or PC+ (one peak, Fig. 2B). Fig. 2C plots the
electron density at the SV center for PC— SVs (open bars, n =
69) and PC+ SVs (filled bars, n = 70) from a photoconverted
sample (Upper). The respective distributions showed virtually no
overlap, and had median densities of 110 and 224, a factor of 2
apart. The median density of the PC— SVs (110) agreed well
with that of sham photoconverted vesicles (112), determined in
a sample that was illuminated without previous exposure to FM
1-43 (Lower, open bars, n = 115).

Pooled data from five boutons, presented as cumulative
histograms (Fig. 2D), show several key features. There was
always a clear separation between PC— and PC+ SVs, as
indicated by the leveling off at intermediate densities. The
median densities of each of the PC— and PC+ peaks were very
similar across boutons. Thus, like the shape of the profile, the
relative density of its central region would have been sufficient
to allow unambiguous distinctions. On the other hand, the
relative sizes of negative and positive peaks varied widely from
one bouton to the next, ranging from a ratio of 1:2 to 2:1 (=30%
to ~60%). Because this variability was found even in the same
electron micrograph, it must be attributed to a genuine bouton-
to-bouton variability in the likelihood of FM 1-43 uptake. There
was no correlation between the proportion of PC+ SVs and the
difference in the median densities of negative and positive SVs
(Fig. 2E,r = —0.54, P > 0.1, n = 8). Additional features of these
results support the idea that photoconversion is an all-or-none
process at the level of individual SVs (see Discussion).

Because SV diameter determines volume, and, in turn, influ-
ences neurotransmitter content (18), it would be important to
know whether SVs that underwent exo—endocytosis showed any
deviation in size from that of the SV population as a whole. The
median diameter of PC+ SVs was 37.2 nm, slightly smaller than
that of PC— SVs (39.5 nm; Fig. 2F) or SVs in a negative control
in which no treatment was performed (39.9 nm). Although
statistically significant (P < 0.01 by Kolmogorov—Smirnov test),
the discrepancy was far smaller than the standard deviation of
any of distributions (8.1, 10.0, and 8.2 nm respectively). PC— SVs
in photoconverted samples were no different from SVs in
nonilluminated controls (P > 0.1).

Interbouton Variability Greatly Exceeds Intrabouton Variability. The
proportion of PC+ SVs varied greatly among different boutons.
For example, a variability ranging from 1% to ~50% is illus-
trated in Fig. 34. How much of this variability arose from
uncertainty in the process of photoconversion as opposed to
genuine biological variability? We addressed this question by
examining the percentage of PC+ SVs in consecutive sections
through individual boutons. If the main source of variability were
the stochastic nature of photoconversion, operating at the single
vesicle level, one would expect similar variability among multiple
sections of a given bouton as among sections of different
boutons. Fig. 34 plots data from a set of 27 boutons from one
coverslip, each represented by a string of connected symbols.
Intrabouton variation was small, as quantified by values of the
coefficient of variation (CV) for the proportion of PC+ SVs. The
median CV value for all of the individual boutons in the set was
21.0%; similar CVs were found for the three cases where the
most consecutive sections (7) were obtained (15.5%, 17.6%, and
19.8%). In contrast, interbouton variability across the entire set
of boutons was much greater, with an overall CV of 75.4%. These
results suggested that the photoconversion process was reliable
and that bouton-to-bouton differences largely reflected a gen-
uine physiological variability.

Interbouton variability was compared among different stim-
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Fig. 3. Uniformity of photoconversion within individual boutons, and high

variability among different boutons. (A Left) Plots of proportion of PC+ SVsin
each section of a bouton. Each symbol represents data from an individual
bouton (n = 27). (Right) Filled circles and vertical bars show intrabouton
variability, seen in the mean and SD for 3 cases where a bouton was sampled
with seven distinct sections (7-section boutons). Filled triangle and vertical
bars show interbouton variability, expressed as mean and SD of the mean
values for all boutons. (B) Comparison of interbouton variability with differ-
ent stimulation. Mean and SD are from three specimens. FS, field stimulation
(dye exposure during stimulation at 10 Hz for 120 s followed by an additional
60 s of dye exposure, 24 div). High K, high K* application for 90 s (17 and 16
div). Number of boutons examined is indicated.

ulation protocols. One coverslip of neurons was loaded with FM
1-43 by field stimulation (FS in Fig. 3B; n = 124 boutons), and
two others by high K* (High K* in Fig. 3B; n = 92 and 159).
Median values of the proportion of PC+ SV ranged from 9.6%
to 17.8%. Once again, the CV values were large, ranging between
76.6% and 102.6%.

Correspondence Between FM 1-43 Fluorescence and Photoconversion
EM. We turned next to how closely FM 1-43 fluorescence
corresponds to photoconverted vesicles seen with EM. A boxed
region of a neuronal field (Fig. 44) was enlarged and shown as

o MR

Fig. 4. Correspondence between FM 1-43 fluorescence, photoconversion,
and EM. (A) Nomarski differential interference contrast microscopy image of
a neuron (43 div). Boxed region was enlarged in B and C. (B) Confocal
fluorescence image of boxed region in A. Field stimulation for 40sat 20 Hzand
additional dye exposure for 30 s after stimulus, followed by wash. A rectangle
encompasses two fluorescent puncta. (C) Bright-field image of B after pho-
toconversion. (E-G) EM of three thin sections obtained from the region.
Numbers 1 and 2 indicate presynaptic structures identified as fluorescent
puncta in D. The more fluorescent structure (1) contained more PC+ vesicles.
Note that mitochondrion (m) was not photoconverted. Scale bar in C applies
to B and C. Scale bar in G applies to E-G.
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Fig. 5.

Analysis of a bouton cluster. (A) Confocal FM 1-43 fluorescence image of neurons (34 div). Field stimulation for 2 s at 10 Hz, followed by 60 s of additional

dye exposure. White arrows point to FM 1-43 fluorescent puncta. (B) Corresponding electron micrograph of the same field in A. Mitochondria (m) were
photoconverted positively in this sample. * In B denotes a bouton observed in multiple thin sections (7-8). (1-8) Selected serial sections. Arrows in 2 indicate two
active zones, visible in panels 7-4. Upper active zone was further seen in 5 and 6. Arrowheads in 4 indicate PC+ SVs. Scale bar under 8 applies to 7-8.

a fluorescence image in Fig. 4B. After photoconversion, the
same field was viewed with bright-field optics (Fig. 4C). A
precise correspondence between FM 1-43 puncta and photo-
conversion products was found (Fig. 4 B and C). A rectangular
box in Fig. 4B is enlarged in Fig. 4D, which highlights two puncta
of different sizes (labeled 1 and 2). The same structures were
visible at the EM level (Fig. 4 E-G). In addition to spatial
correspondence, there was also a good correlation between the
intensity of fluorescence and the density of photoconverted
product (r = 0.99, P < 0.01, n = 5). Another notable feature of
this sample was that the two puncta were actually fused together
as a single large bouton, albeit with two distinguishable clusters
of synaptic vesicles (Fig. 4 E-G).

Complexity of Hippocampal Neurons in Culture. A precise fluores-
cence-photoconversion correlation was obtained at nonbranch-
ing points as shown above. However, as illustrated by Fig. 5, the
correlation was less stringent at branching points or multineuritic
intersections where synaptic boutons were clustered (ref. 19; and
D. Baranes, personal communication). FM 1-43 fluorescence
(Fig. 54) and PC+ structures (Fig. 5B) corresponded reliably in
most boutons (arrows in Fig. 54 and B), but less reliably in other
cases. A possible cause for imperfect correlation is that not all
of the boutons were in the same plane of the thin section.

A nearly complete set of serial sections is shown for a bouton
in Fig. 5 (marked by 0), illustrating the structural complexity
sometimes observed. This terminal appeared to contain two
independent active zones (Fig. 5, panel 2, arrows). PC+ SVs
(e.g., panel 4, arrowheads) were widely distributed throughout
the overall vesicle pool, suggesting that functional SVs were
shared between both active zones.

Discussion

When we used photoconversion with FM 1-43 (7, 8, 11-13), we
obtained robust labeling of presynaptic boutons at synapses
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between cultured hippocampal neurons. When the photocon-
version was monitored with online absorbance measurements
and illumination was terminated at an appropriately early point,
the DAB reaction product was not found in the cytoplasm, but
was largely restricted to small clear SVs identified on the basis
of their round profile, external diameter and abundance. Excel-
lent correspondence in position and intensity was observed
between puncta of FM dye fluorescence visualized by light
microscopy and foci of photoconversion product detected by
EM. Thus, photoconversion proved to be a reliable method for
marking functional synapses or individual vesicles at active
synapses.

Key Properties of Vesicular Photoconversion. Several characteristics
of the photoconversion procedure set out here supported its
usefulness for quantitative analysis of vesicular trafficking. The
uniformity of the photoconversion reaction was reflected by the
relative consistency in the proportion of PC+ vesicles found in
multiple sections through the same nerve terminals (Fig. 34).
This supported the use of data from single sections as an index
of the behavior of the bouton as a whole. Photoconversion of
individual SVs appeared to be independent of the presence or
absence of photoconverted product in neighboring SVs. The
adequacy of stimulation methods was verified by concordance
between data obtained with electrical stimulation and with high
K* application, each applied for long enough to evoke multiple
cycles of exo—endocytosis (20, 21). Although K*-rich solutions
produce a continuous depolarization and considerably greater
presynaptic Ca?>" entry than stimulus trains (J. Pyle and E.
Piedras-Renteria, personal communication), both procedures
evoked similar effects on FM dye uptake detected by photocon-
version (Fig. 3B), consistent with near-maximal stimulation of
vesicular turnover in both cases.

Our experiments supported the idea that the photoconversion
reaction is an abrupt process at the level of single vesicles, as
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previously suggested by Betz and colleagues at the neuromus-
cular junction (7). In our study of hippocampal boutons, the
electron densities of individual PC+ SVs were narrowly distrib-
uted, with hardly more spread than that found for the distribu-
tion of PC— SVs (Fig. 2C). This argues against the slow, graded
formation of electron-dense products, which would be expected
to produce a much greater dispersion. A stepwise, saturating
photoconversion in individual vesicles would be expected if the
reactive oxygen species arising from fluorescent excitation of FM
dye triggered the nucleation and/or assembly of DAB (22),
probably in a nonlinear manner. Under light microscopy, the
absorbance of presynaptic boutons increased in an apparently
smooth fashion (Fig. 1G), as predicted if increments at the level
of individual vesicles were too small to be clearly resolved as
single steps.

Interbouton Heterogeneity. Interbouton comparisons in thin sec-
tions revealed a large variability in exo—endocytotic activity from
one bouton to the next (Fig. 3). This result was in line with the
wide variability in FM 1-43 fluorescent intensity at presynaptic
terminals in hippocampal cultures, previously studied by light
microscopy (9, 23).

Most of our experiments relied on monitoring of the progres-
sion of photoconversion by light microscopy, seen as darkening
of dye-stained boutons. We deliberately stopped the illumination
near the point when the rate of change of absorbance was
maximal, before the signal leveled off. This ensured that ex-
travesicular photoconversion was negligible, but it left open the
possibility that some fraction of the FM 1-43-containing vesicles
were not photoconverted. Thus, the number of PC+ vesicles
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should be proportional to, but not necessarily identical to, the
number that took up dye. Some information about the actual
percentage of vesicles undergoing exo—endocytotic turnover can
be derived from experiments in which illumination was more
aggressive, enough to cause ~100% photoconversion in a few of
the nerve terminals. Under such conditions, most boutons
contained a substantial percentage of unstained vesicles, sup-
porting the general idea that a significant fraction of vesicles may
be spared from turnover even under strong stimulation (24).

Conclusion

Photoconversion of FM 1-43 provides a reliable way to link light
and electron microscopic studies of nerve terminals of central
neurons. It could readily be applied in conjunction with fluo-
rescence imaging or electrical recordings to allow physiological
studies to be followed up with microanatomical analysis. Our
results illustrate the usefulness of the approach to investigations
at the level of single nerve terminals or even individual vesicles.
Future applications might include studies of diverse aspects of
synapses such as the localization of readily releasable and
recycling pools within a bouton.
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